Patients with ischemic stroke or a transient ischemic attack caused by severe carotid stenosis are candidates for carotid endarterectomy. The imaging investigation today is mainly based on the degree of stenosis in the symptomatic carotid artery.^[@R1],[@R2]^ Perfusion studies have shown that the relation between the degree of carotid stenosis or occlusion is not always related to cerebral hypoperfusion because collateral recruitment plays an important role in preserving cerebral perfusion in patients with steno-occlusive disease of the carotids.^[@R3]--[@R5]^ The primary collaterals within the circle of Willis (CW) are considered as main collaterals, that is, the anterior communicating artery and the posterior communicating artery (PCoA),^[@R3],[@R6]^ whereas the recruitment of collaterals from leptomeningeal and external carotid arteries has been linked to poor hemodynamic status.^[@R7],[@R8]^ Further, the recruitment of collaterals and the clinical manifestations of carotid artery disease are highly variable because of anatomic variations in CW and variations of the contralateral or intracranial stenosis. Therefore, there is an increasing need to develop noninvasive imaging techniques that can give valuable information about the intracerebral impact of carotid stenosis.

Quantitative measurements of absolute blood flow rates (BFRs), in units of milliliters per minute along the main cerebral arteries, can be performed by using phase-contrast magnetic resonance imaging (PCMRI).^[@R9]^ By using this technique, we have demonstrated that in healthy subjects, BFRs are distributed symmetrically in the carotids and along the cerebral arteries without signs of lateralization or influence by subject age or sex.^[@R10]^ Recent developments in 4-dimensional (4D) PCMRI technique make it possible to simultaneously assess BFR in all cerebral arteries, and the magnetic resonance imaging (MRI) sequence takes about 10 minutes, which makes this technique a promising method for studying the hemodynamic disturbance and the collaterals in patients with carotid stenosis.^[@R11],[@R12]^

The collateral function of CW is well described; however, techniques are needed that can give an absolute quantification of BFR in a specific artery in milliliters per minute.^[@R13],[@R14]^ Using Doppler ultrasound or computed tomography (CT), only an indirect estimation of cerebral blood flow is given.

We aimed to evaluate the hemodynamic disturbance and the compensatory pattern of collateral flow caused by symptomatic carotid stenosis by measuring BFR in 17 cerebral arteries and in the ophthalmic arteries (OAs) in 38 patients.

Methods
=======

Data supporting the findings of this study are available from the corresponding author on reasonable request.

Patients
--------

Patients with ischemic stroke or a transient ischemic attack, with corresponding carotid stenosis ≥50% and who were eligible for carotid artery endarterectomy, were admitted to the tertiary stroke referral center at the Umeå University Hospital during 2012 to 2015. Patients were offered to participate in this prospective single-center study and to undergo MRI with 4D PCMRI. Inclusion criteria were modified Rankin Scale score \<3^[@R15]^ and a Mini-Mental State Exam \>23^[@R16]^ points. Patients with severe aphasia, contralateral carotid occlusions, intracranial carotid stenosis, atrial fibrillation, previous ischemic events, or other neurological diseases affecting the central nervous system or contraindications for MRI were excluded. The study population consisted of 38 patients (27 men) with a mean age of 72±6 years with symptomatic carotid stenosis ≥50%, with or without contralateral nonsymptomatic carotid stenosis. Eleven patients had a symptomatic stenosis \<70% with contralateral stenosis \<50%, 15 had a symptomatic stenosis (n=14) or occlusion (n=1) of 70% to 100% with contralateral stenosis \<50%, and 12 had bilateral stenosis \>50%. Oral and written information about the study was given to all included patients, and written consent was obtained from all patients. The Ethical Review Board of the Umeå University approved the study, and it was performed in accordance with the guidelines of the Declaration of Helsinki. The characteristics of the patients are summarized in Table [1](#T1){ref-type="table"}. The mean degree of stenosis was 76±14% in the symptomatic side and 39±27% on the contralateral side.
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Clinical and Vascular Features of the Included Patients
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Clinical Investigation
----------------------

A Doppler ultrasound examination of the carotids was performed on all patients. Stenosis grading was performed by translating the highest peak systolic velocity in the stenosis to the degree of stenosis.^[@R17]^ Thirty-one patients (82%) underwent CT angiography. Carotid stenosis was graded according to NASCET (North American Symptomatic Carotid Endarterectomy Trial).^[@R18]^ Seven patients were not examined by CT angiography, usually due to renal failure or iodine allergy. The carotid stenosis grading in this study was primarily based on CT angiography (31 patients) and Doppler ultrasound measurement in the remaining 7 patients.

MRI Investigation
-----------------

The MRI examination was performed within a median of 6 days (range, 2--60 days) from symptom onset. A 3T MRI scanner (GE Discovery MR 750; Waukesha, WI) with a 32-channel head coil was used. Using 4D PCMRI, blood flow velocities were obtained for the cerebral arteries. The scan time was ≈9 minutes. Two different velocity encoding settings were used, one set at 110 cm/s for investigation of the main cerebral arteries and 40 cm/s for investigation of the OA. The following parameters were used: number of radial projections, 16 000; acquisition resolution, 300×300×300; imaging volume, 220×220×220 mm; reconstruction resolution, 320×320×320 mm; and voxel size, 0.7×0.7×0.7 mm^3^. The scan time was ≈9 minutes; repetition time / echo time, 6.5/2.7 ms; flip angle, 8°; and bandwidth, 166.67 kHz.

Imaging Analysis
----------------

Flow analysis was performed in Matlab (The Mathworks, Natick, MA) using software developed in house for calculating BFRs in milliliters per minute.^[@R19]^ Blood flow measurements were performed on deidentified images, and the observers were blinded for the side and degree of carotid stenosis, medical history, age, and sex of the patient. Internal carotid artery (ICA) BFR was measured at level of C3--C4 segment, the vertebral artery, intracranially at the level of V4 segment, and in the basilar artery below the superior cerebellar artery. Middle cerebral artery (MCA) was measured at M1 level. BFR in anterior cerebral arteries (ACAs) was measured at A1 level (ACA1) and in the A2 segment (ACA2), measured distal to the anterior communicating artery. The posterior cerebral artery was measured at P1 level (PCA1), that is, proximal to the aperture of the PCoA. The P2 segment of posterior cerebral artery (PCA2) was measured distal to the aperture of PCoA. OA was measured close to the branching off from ICA. Total cerebral blood flow (tCBF) was calculated by adding the BFR of the 2 ICAs and the 2 vertebral arteries. BFR was calculated independently by 2 investigators (L.Z. and A.W.). The BFR was measured in ICA, MCA, ACA1, PCA1, PCA2, vertebral artery, and basilar artery. The mean of the 2 investigators' values for each artery was used. If a difference \>20% in BFR was found, a consensus measurement was performed, that is, the 2 investigators measured the artery BFR together. About 9% of the measurements were consensus measurements, most commonly for vertebral artery and PCA2. Finally, BFR in PCoA, OA, and ACA2 was measured by the 2 investigators together. BFR measurement in ACA2 was performed using manual segmentation because the arteries on the right and left side were too close to each other.

Statistical Analysis
--------------------

A paired *t* test was used to compare the mean BFR between the ipsilateral (carotid stenosis) side and the contralateral side. An independent *t* test was used to compare the BFR in cerebral arteries in patients with and without subacute ischemia. The patients were dichotomized into 2 subgroups: symptomatic moderate carotid stenosis \<70% and symptomatic carotid stenosis ≥70%.^[@R1],[@R20]^ An independent *t* test was performed to compare differences in BFR between subgroups of patients, whereas a paired *t* test was used to compare ipsilateral/contralateral differences. If an artery was either invisible or hypoplastic and its blood flow was not measurable, the flow in that artery was set as 0 mL/min. Values were expressed as mean±SD, and the statistical significance threshold was set as *P*\<0.05. The data were analyzed using SPSS statistics, version 25 (IBM, Chicago, IL).

Results
=======

BFR Measurements
----------------

Mean BFR for each artery, on both ipsilateral and contralateral side, is presented in Table [2](#T2){ref-type="table"}. ICA BFR was lower in the symptomatic side than in the contralateral side. The main branches of ICA had decreased or reversed BFR on the ipsilateral side compared with the contralateral side: OA, PCoA, ACA, and MCA (Table [2](#T2){ref-type="table"}). A reversed BFR was found in the OA on the ipsilateral side in 9 patients, and BFR was not detectable in 17 patients (45%), indicating a flow close to zero. In the PCoA, a reversed BFR was found on the ipsilateral side in 9 patients. A decrease in BFR was also found in ACA2 on the ipsilateral side when compared with the contralateral side. In the posterior circulation, BFR in PCA1 was higher on the ipsilateral side than on the contralateral side (Table [2](#T2){ref-type="table"}).
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Mean BFR±SD (mL/min) for Cerebral Arteries Based on Ipsilateral and Contralateral Side
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The sum of ACA2, MCA, and PCA2 was lower (*P*=0.001) on the ipsilateral (239±48 mL/min) than on the contralateral side (256±58 mL/min). This discrepancy was mainly caused by MCA flow because the sum of ACA2 and PCA2 was 118±31 mL/min on the ipsilateral side and 117±30 mL/min on the contralateral side (*P*=0.79).

The mean value of BFR in ACA on the ipsilateral side and in ACA on the contralateral side was (ACA~ipsilateral~+ACA~contralateral~)/2=77±19 mL/min. Seven patients had a reversed BFR in the ipsilateral ACA with a mean BFR of −53±44 mL/min, whereas no patient had a reversed BFR in the contralateral ACA. Of the 31 patients with anterograde BFR in ACA on the ipsilateral side, 13 (42%) had twice as high BFR in the contralateral ACA than in the ipsilateral side ACA.

When comparing patients with and without subacute ischemic lesions, no difference was found in BFR between cerebral arteries, including OA and tCBF (*P*\>0.1).

Distribution of tCBF
--------------------

Figure [1](#F1){ref-type="fig"} illustrates the relative distribution (in percentage) of tCBF in CW for patients with carotid stenosis based on ipsilateral and contralateral side.

![Total cerebral blood flow (tCBF) distribution in patients with symptomatic carotid stenosis using 4-dimensional phase-contrast magnetic resonance imaging. The mean degree of stenosis was 76±14% in the symptomatic side and 39±27% on the contralateral side. Means and SDs for the distribution of tCBF (percentage) in the circle of Willis in patients with carotid stenosis based on ipsilateral (stenos) side (i) and contralateral side (c). ACA1 indicates A1 segment of anterior cerebral artery; ACA2, A2 segment of anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; OA, ophthalmic artery; PCA1, P1 segment of posterior cerebral artery; PCA2, P2 segment of posterior cerebral artery; PCoA, posterior communicating artery; and VA, vertebral artery.](str-50-1081-g003){#F1}

BFR Comparison in Patients With Severe and Moderate Carotid Stenosis
--------------------------------------------------------------------

Table [3](#T3){ref-type="table"} demonstrates the differences in BFR when comparing patients with moderate symptomatic carotid stenosis (\<70%) versus severe symptomatic stenosis (≥70%). In patients with severe carotid stenosis, there was a lower BFR in ipsilateral ICA and ACA1 than in patients with moderate carotid stenosis. In addition, the BFR was higher in the contralateral ACA1, ipsilateral PCA1, PCA2, and in basilar artery (Table [3](#T3){ref-type="table"}).
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When excluding patients with contralateral carotid stenosis ≥50%, there was still a lower BFR in ipsilateral ICA (105±94 versus 186±59 mL/min; *P*=0.01) and a higher BFR in contralateral ACA1 (144±84 versus 85±38 mL/min; *P*=0.03) in patients with severe stenosis (n=15) than in patients with a moderate stenosis (n=11).

Table [3](#T3){ref-type="table"} also demonstrates the BFR comparison between ipsilateral and contralateral sides in the subgroups. In patients with moderate stenosis, a decreased ICA BFR was seen in ipsilateral compared with contralateral. In patients with severe stenosis, a decreased BFR was found in ipsilateral ICA, MCA, ACA1, ACA2, OA, and PCA1 (Table [3](#T3){ref-type="table"}).

Discussion
==========

The importance of collateral flow in patients with carotid stenosis is well known. However, a comprehensive quantification of the whole collateral recruitment in the CW is needed. By using 4D PCMRI, a new platform for investigating and understanding the collaterals has been presented in the present study.

There were 4 major findings: (1) 4D PCMRI could simultaneously quantify BFR in individual cerebral arteries, noninvasively and without anatomic restrictions. Thus, the present study demonstrates a new way to map, quantify, and understand the cerebrovascular impact of a significant carotid stenosis and the compensatory mechanism of the collaterals, which was previously difficult to achieve using 1 modality. (2) Contralateral ICA through ACA1 was the major collateral in BFR equalization in patients with carotid artery stenosis, mainly supplying the ACA territory bilaterally. (3) BFR was decreased or reversed in all branches of the carotid artery on the ipsilateral (carotid stenosis) side compared with the contralateral side, most pronounced in patients with severe stenosis. (4) BFR in distal cerebral arteries (MCA and ACA2) on the ipsilateral side was compensated by collaterals. However, this compensatory mechanism failed to provide a fully symmetrical distribution in patients with a severe carotid stenosis ≥70%.

Technical Considerations
------------------------

PCMRI can quantify and provide a direct measurement of cerebral BFR in milliliters per minute noninvasively, that is, it does not require the use of ionizing radiation, radionuclide injection, or contrast.^[@R21],[@R22]^ We recently validated our 4D PCMRI flow measurements^[@R23]^ against high-resolution 2-dimensional PCMRI (0.35×0.35 mm)---an accurate and established method for BFR assessment.^[@R24]--[@R26]^ In summary, that study supports the accuracy of our implementation of 4D PCMRI flow across a wide range of lumen cross section diameters and flow rates. There are several advantages with the use of 4D PCMRI compared with 2-dimensional PCMRI: there is no need for preselection of regions of interest, all cerebral arteries can be measured simultaneously,^[@R11]^ and the scanning time is reasonable. However, postprocessing data analysis is still mostly investigational and takes a long time. The cerebral perfusion at a specific region of the brain can be investigated with perfusion methods (ie, MRI, CT, or positron emission tomography); however, the collateral pathways cannot be quantified or visualized by using these techniques. Doppler ultrasound techniques provide surrogate markers of blood flow, that is, velocity, or angiographic techniques that visualize flow patterns. In contrast, 4D PCMRI provides a quantitative method to measure blood reaching any region of the brain, and it is not limited to only the proximal branches of CW.^[@R21],[@R22]^ Altogether, 4D PCMRI can be developed into a feasible method for describing the impact of a carotid stenosis on cerebral blood flow, and this method indicates critical thresholds preoperatively in patients with carotid stenosis, which were previously difficult to measure using only 1 modality.

Blood Flow Difference in ICAs
-----------------------------

In the carotid arteries, BFR averaged 51% less on the ipsilateral (carotid stenosis) side than on the contralateral side. A severe carotid stenosis can constrict the artery and reduce BFR, thus creating a pressure gradient and poststenotic pressure loss that affects BFR distribution in CW.^[@R27],[@R28]^ Hemodynamically significant carotid stenosis is described as a decrease in luminal diameter of a carotid artery by 70% to 80%.^[@R2],[@R20],[@R29]^ The relation between the degree of carotid stenosis and blood flow in the ICA, according to the Spencer curve, is not linear because the blood flow drastically drops with a severe stenosis.^[@R30]^ To investigate the effect of severe carotid stenosis on cerebral BFR, we chose to dichotomize the cohort of patients into 2 subgroups, \<70% and ≥70% stenosis (Table [3](#T3){ref-type="table"}). We found that severe carotid stenosis led to a decreased BFR in ipsilateral ICA and ACA1, whereas BFR increased through the collateral routes. The effect of severe carotid stenosis was not seen in ipsilateral MCA. This could be because of the compensatory mechanisms that work together to maintain cerebral perfusion by regulating inflow from collaterals or decreased outflow as discussed in the following sections.^[@R31],[@R32]^

Contribution of OA
------------------

The OA is the first branch of ICA. A reversed blood flow in OA has been associated with cerebral hemodynamic compromise because of nonfunctioning primary collaterals (anterior communicating artery and PCoA).^[@R33],[@R34]^ In cases of low ICA BFR, OA BFR is also low and will ultimately become reversed. A reversed, or not detectable, OA BFR was found in almost 70% of the patients in this study. In addition to its collateral function,^[@R35],[@R36]^ OA may function as an indicator of low poststenotic pressures and low BFR, that is, a high degree of carotid stenosis. This could be demonstrated as a decreased BFR in ipsilateral OA in patients with severe carotid stenosis when compared with the contralateral side.

PCoA and the Posterior Circulation as Collaterals
-------------------------------------------------

The PCoA is the second branch of ICA and has several anatomic variations (absent, hypoplastic, and fetal type).^[@R37]^ In patients with pathologically decreased blood flow in ICA, a reversed blood flow in PCoA (posterior-anterior distribution) can serve as a collateral. In patients with carotid artery occlusion, small PCoA (\<1 mm), or its absence, has been related to an increased risk of ischemic stroke.^[@R38]^ Quantification of BFR in PCoA, as in this study, is a more precise method than indirect markers of BFR, such as diameter and velocity measurements. A reversed BFR of −5 mL/min in the PCoA on the ipsilateral side gives a contribution of 15 mL/min to the ICA blood flow (PCoA on the contralateral side was 10 mL/min in the anterior-to-posterior direction; Table [2](#T2){ref-type="table"}). When comparing PCoA BFR in patients with severe versus moderate carotid stenosis (Table [3](#T3){ref-type="table"}), there was no difference, suggesting other factors (anatomic variation or other stenoses) regulate the collateral route through PCoA. The finding of increased BFR in ipsilateral PCA1, however, supports the importance of the posterior circulation as collateral for patients with severe carotid stenosis. This occurs either through the CW or via leptomeningeal routes, and 1 study suggests that increased BFR in PCA2 indicates leptomeningeal routes (Table [3](#T3){ref-type="table"}).^[@R39]^

ACA---the Main Collateral Route
-------------------------------

The anterior communicating artery connects the 2 ACA1s and serves as a collateral route for the anterior circulation. ACA1 on the ipsilateral side had a decreased or reversed BFR, whereas BFR was increased on the contralateral side. Comparing patients with severe versus moderate carotid stenosis, we found that the difference in BFR between the 2 ACA1s is directly related to the degree of stenosis, that is, moderate carotid stenosis will not necessarily affect BFR in ACA1. Although asymmetrical BFR was found in ACA1 for the whole group and especially in patients with severe stenosis, the mean BFR (adding ipsilateral+contralateral sides) was 77 to 79 mL/min (Figure [2](#F2){ref-type="fig"}; Table [3](#T3){ref-type="table"}), which is comparable to values reported in studies including healthy subjects.^[@R10]^ This suggests that the collateral contribution from the contralateral ACA1 was adequate to maintain a sufficient BFR to supply both ACA territories in patients with and without severe carotid stenosis. Seven patients (18%) had a reversed BFR in ACA1 on the ipsilateral side, and another 13 (42%) had an asymmetrical blood flow in the ACA1 segments. Reversed blood flow in ipsilateral ACA1 in patients with carotid stenosis is a well-described finding and has mostly been reported in transcranial doppler studies.^[@R36],[@R40]^ Our findings emphasize the importance of considering ACA collateral recruitment as a gradual process. By only looking for the presence of reversed blood flow when assessing the collateral function of ACA1, we are making a crude binary simplification because this study shows that the contralateral A1 compensates by bilaterally supplying the ACA territory.

![Blood flow rate in anterior cerebral artery (ACA). Blood flow rate in A1 segment of anterior cerebral artery in patients with symptomatic carotid stenosis, based on the ipsilateral side to the carotid stenosis side, contralateral side, and mean ACA blood flow rate.](str-50-1081-g005){#F2}

MCA BFR Is Compromised
----------------------

The last branch of ICA is MCA, where BFR laterality was less (15%) when compared with the laterality found between the ICAs (51%). This indicates the presence of compensatory mechanisms, however, without the ability to provide a fully symmetrical distribution of BFR between the sides, as seen in healthy subjects.^[@R10],[@R41]^ Patients with severe carotid stenosis did not have lower BFR in ipsilateral MCA than in patients with moderate carotid stenosis. This finding is consistent with previous PCMRI^[@R14]^ and positron emission tomography studies,^[@R4]^ suggesting that the degree of carotid stenosis alone cannot be used to predict distal cerebral blood flow because plaque length and compensatory collateral blood flow are variables that affect the cerebral blood flow as well. However, severe carotid stenosis resulted in asymmetrical BFR distribution in MCA. That is, although the degree of carotid stenosis did not affect the ipsilateral BFR in MCA, it affected the ipsilateral/contralateral distribution where a higher BFR was seen in the contralateral MCA. Our results emphasize the importance to study the distribution of tCBF and quantify BFR in cerebral arteries, for a better description of cerebral hemodynamics. Decreased BFR in ipsilateral MCA highlights the hemodynamic disturbance in ischemic events in patients with symptomatic carotid stenosis.^[@R42]^ From a hemodynamic perspective, the reduced BFR in ipsilateral MCA (compared with the contralateral side) can be explained by an expected slightly lower blood pressure at the branching of MCA from ICA. This expected pressure difference will be the driving force for the collateral flow from the contralateral side toward the ipsilateral side. With a lower blood pressure at the MCA follows a lower perfusion pressure and thus an unsymmetrical MCA BFR. We acknowledge that this explanation disregards the effects of autoregulation that locally can reduce the peripheral resistance on the ipsilateral side and normalize the perfusion. In addition, ischemic lesions reduce the perfused brain volume on the ipsilateral side to a carotid stenosis, contributing to a reduced BFR.

MCA and ACA Territory on the Ipsilateral Side to a Symptomatic Carotid Stenosis Is at Risk
------------------------------------------------------------------------------------------

Mean tCBF among patients in this study (568 mL/min) was decreased compared with healthy subjects^[@R10]^ and comparable to tCBF in patients with vascular diseases.^[@R43],[@R44]^ tCBF was highly correlated to BFR in MCA and ACA2 on the ipsilateral side, that is, the effect of low tCBF is seen as lower BFR in these arteries. There is a pressure difference, with a lower blood pressure in the ipsilateral side, which is the driving force for collateral flow toward that side. A low blood pressure leads to a lower perfusion pressure and thus a reduced BFR. The strong correlation between tCBF and ipsilateral side MCA and ACA1 flow supports a reduced perfusion pressure as the cause of reduced MCA flow. Conditions such as heart failure, hypotension, or bradycardia can precipitate the risk of ischemic events in this group of patients.^[@R45]--[@R47]^ By quantifying the collateral pathways, we can understand the mechanisms that lie behind the cerebral hypoperfusion, which is seen in some, but not all, patients with carotid stenosis.

Limitations of This Study
-------------------------

The sample size of this study was small, and the included patients were heterogenous. However, our results reflect routine clinical practice for consecutive patients planned for carotid artery endarterectomy with a symptomatic carotid stenosis ≥50%, with or without contralateral stenosis. In spite of this, we found clear and distinct results, which give insights into collateral compensatory mechanisms in patients with symptomatic carotid stenosis. It is likely that in a more selected group that excludes contralateral carotid stenosis patients, the collateral recruitment pattern would be even more distinct. Therefore, the results must be considered in the context of its limitations and should be validated in a larger cohort of patients. The BFRs can be affected by various physiological parameters such as blood pressure, age, and effects from medications. We note that, similar to most measurement techniques, there is likely a lower threshold below which flow cannot be distinguished from noise. Although this limits the ability to firmly establish a complete absence of flow in the investigated artery, it would not alter the description and interpretation of alternate collateral pathways provided in this study. In addition, 4D PCMRI can be distorted in the region of the orbit. This signal loss can limit the ability to detect and measure flow rate in OA. Importantly, this effect is expected to have an equal impact on the ipsilateral and contralateral side. Therefore, our results regarding OA flow direction should still be valid.

Conclusions
-----------

With a novel approach using 4D PCMRI technique, we could simultaneously quantify and rank the importance of collateral routes in patients with carotid stenosis. Thus, the present study demonstrates a new way to map and understand the hemodynamic disturbances of a stenosis and the compensatory mechanism of the collaterals, which has been previously difficult to achieve using a single modality. An important observation was that contralateral ICA mainly secured the bilateral ACA territory and not only MCA on the ipsilateral side to the stenosis. Because of the collateral recruitment, compromised BFR in MCA is not necessarily related to the degree of carotid stenosis. These findings highlight the importance of simultaneously investigating the entire cerebral arterial tree.
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